Coronary calcification is proportional to the extent and severity of atherosclerotic disease, and is a predictor of cardiac events. Furthermore, coronary calcification protruding into the lumen is considered as one type of vulnerable plaque. Optical coherence tomography (OCT) can provide in vivo imaging of the detailed vessel wall structure of the coronary artery with high resolution, as in the histological approach. We analyzed coronary calcification in that fashion using OCT in vivo. This study consisted of 70 superficial coronary calcifications of 39 consecutive patients who underwent percutaneous coronary intervention. After revascularization, OCT was performed in the treated vessel. We analyzed morphologic characteristics and the quantification of OCT-determined coronary calcification. Superficial coronary calcifications were classified into two groups depending on whether they did not intrude the lumen (type I) or did (type II). The distance from the lumen and the volume of each calcification were then measured. Superficial coronary calcifications were classified into two groups; type I, n = 39 (56%) and type II, n = 31 (44%). Type II calcifications were located significantly closer to the lumen [80 μm (60-130) vs.130 μm (90-260), p = 0.015], and tended to be smaller, but did not show a significant difference [0.65 (0.26-1.3) mm 3 vs. 1.2 (0.47-1.9) mm 3 , p = 0.153] compared to those of type I. In conclusion, OCT could visualize superficial coronary calcifications in detail and enable us to evaluate in vivo morphologic characterizations and quantify them.
INTRODUCTION
Optical coherence tomography (OCT), a light-based technique, can provide detailed in vivo imaging of coronary vessel wall structure with a high resolution, as in the histological approach. The characterization of coronary artery plaques using this modality is well established. Notably, the histopathologic diagnostic accuracy of OCT for identifying coronary calcified lesions is over This is an Open Access article distributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License. To view the details of this license, please visit (http://creativecommons.org/licenses/by-nc-nd/4.0/). 90%. [1] [2] [3] In OCT imaging, a calcified lesion is described as a sharply delineated signal-poor region. In addition to this important ability, the high-resolution of OCT (10 μm) allows detailed evaluation of the vessel structure accompanied with calcified lesions (e.g., depth from vessel lumen, influence on vessel lumen), and can quantify them precisely. 4) A pathological study has reported that a coronary superficial calcified nodule intruding into the vessel lumen is a sign that the lesion is of vulnerable. 5) We recognized that there are two types of coronary calcified nodules, one which intrudes the lumen, and the other which does not, from the daily use of OCT in vivo. Therefore, in the present study, we quantified superficial calcified nodules and compared the characteristics of each type using OCT. We also investigated the relationship between coronary superficial calcified nodules and clinical outcomes.
SUBJECTS AND METHODS

Study population
We enrolled a total of 94 consecutive stable angina pectoris (AP) patients with documented ischemia between August 2010 and March 2011 at Nagoya University Hospital. The study enrollment criterion was patients undergoing elective percutaneous coronary intervention (PCI). As for coronary lesions to be analyzed, inclusion criteria were lesions the previously untreated and those >10 mm away from the intervention site. Exclusion criteria consisted of patients with coronary plaques located in the left main trunk, just proximal to the left anterior descending artery or the left circumflex, and near right coronary artery ostium, because OCT imaging requires vessel occlusion. Written informed consent was given by all patients prior to procedures. We attempted to perform OCT imaging of treated vessels immediately after PCI in 94 patients. All patients underwent successful PCI. OCT was successfully performed in all patients. However, no superficial calcified nodule was detected in 55 patients. Thus, 39 patients with 70 superficial calcified nodules were eligible for this study. One-year follow-up data were obtained from hospital charts or telephone interviews with the patients.
OCT
Immediately after successful PCI, OCT imaging was performed in the angiographically determined proximal one-third of the treated vessel. An intracoronary infusion of 0.5 mg isosorbide dinitrate was performed immediately prior to OCT imaging. OCT imaging was conducted according to previously described method 6) using an over-the-wire type occlusion balloon catheter, OCT imaging probe (Helios ® , ImageWire ® , St. Jude Medical, Inc., St. Paul, Minnesota, USA), and an auto-pullback system. Obtained images were evaluated using proprietary off-line software provided by LightLab Imaging Inc., according to previously defined criteria for plaque characterization.
1,7)
Coronary superficial calcified nodules were defined as well-delineated, signal-poor regions with sharp borders. 1) Two independent observers who were blinded to patient characteristics analyzed the types of coronary calcifications. Type I was defined as a coronary superficial calcified nodule without intrusion of the lumen, while type II was with an intrusion. If the height from the estimated normal luminal surface to the actual luminal surface was ≥ 100 µm, the lesion was considered as intruding ( Fig. 1) . Cross-sectional areas of calcified nodules were measured at all frames. Its total volume (mm 3 ) was calculated as 0.05 x (sum of each cross-sectional area of the calcification). Its depth (µm) was defined as the shortest distance measurable between the leading edge of the calcified nodule to the lumen boundary.
Statistical Analysis
SPSS ver. 18 (SPSS, Chicago, IL, USA) was used for all statistical analyses. Continuous variables were presented as mean ± standard deviation or median (range), and categorical variables were presented as numbers (%). Differences between the 2 groups were evaluated by the Mann-Whitney U-test, or the chi-square test. A two-tailed p value of <0.05 was considered significant.
RESULTS
The characteristics of the enrolled patients are shown in Table 1 . Morphologic classification and quantification of coronary superficial calcified nodules are described in 
DISCUSSION
Acute coronary syndrome (ACS), which is thought to be the result of sudden luminal thrombosis, is a major cause of life-threatening events. 8, 9) The most common type of vulnerable plaque causing ACS is thin-cap fibroatheroma, which has a large necrotic core with a thin fibrous cap. 5, 10) Many reports using various modalities have demonstrated detailed in vivo analyses of this type of vulnerable plaque. [11] [12] [13] [14] [15] Also, calcified nodules are associated with luminal thrombus in cases of ACS without plaque rupture. 5) Studies using computed tomography coronary angiography (CTCA) or intravascular ultrasound (IVUS) demonstrated that spotty calcifications are more If the height from estimated normal luminal surface to actual luminal surface was ≥ 100 µm, the lesion was considered as intruding. Calcifications are well-visualized using OCT (red arrowheads). Type I was defined as coronary calcification without intrusion of lumen, while type II was defined as lumen-intrusive. 12 (27) Values are mean ± SD or number (%). CHD = coronary heart disease; LDL = low-density lipoprotein; HDL = high-density lipoprotein; CRP = C-reactive protein.
frequently detected in ACS patients than in stable AP patients. 16, 17) According to the American Heart Association classification 10) , a coronary superficial calcified nodule protruding into the vessel lumen is one type of vulnerable plaque based on pathologic study, but its prevalence is low. 5, 10) However, to our knowledge, there has been no report which sheds light on morphologic features, because of the limited resolution of the above mentioned modalities. This study showed for the first time that superficial calcified nodules intruding of the lumen certainly exist in vivo. Furthermore, we measured the volume and depth of each coronary superficial calcified nodule from the lumen using OCT. There are some technical concerns when measuring of calcifications using CTCA or IVUS, such as the partial volume effects or the acoustic shadowing they cause. Although we could not show the clinical impact of this type of coronary superficial calcified nodule, we speculated that a coronary superficial calcified nodule classified as type II, especially a shallow one, might be vulnerable.
We used the term "calcified nodule" to refer to calcifications we analyzed. However, more accurately, a calcified nodule is considered to be pathologically different from a fibrocalcified lesion. A calcified nodule which might appear to be associated with healed plaque is very close to the lumen. Besides, fibrocalcified lesions which might be the end result of plaque rupture and/or erosion healing and calcification are relatively large and have thick overlying fibrous caps in the intima close to the media.
5) Therefore, a type I superficial calcified nodule might be a fibrocalcified lesion, and type II might be a calcified nodule. However, the methodology of how to distinguish a calcified nodule from a fibrocalcified lesion using OCT has not been well established. Furthermore, their origin, as well as their atherosclerosis process, are not well clarified. We considered that detailed in vivo visualization of coronary plaque using the OCT technique might serve to resolve these issues.
PCI is one of the established treatments for patients with AP. The reported frequency of angiographic coronary calcification in patients undergoing PCI is ranges from 17% to 35%. 18, 19) Enhanced lesion rigidity due to coronary calcification complicates PCI procedures, such as device delivery and deployment. Moussa et al. have reported that technical failure because of an inability to deliver stents took place more frequently in patients with calcified lesions than in those without. 19) Type II coronary superficial calcified nodules might complicate to the delivery of various devices, such as a balloon or stent, to the target coronary lesion. Balloon dilatation of calcified lesions is associated with an increased risk of coronary dissection and perforation. Furthermore, coronary calcification is also associated with vessel dissection caused by balloon dilatation and/or underexpansion of coronary stents, which are considered as risk factors for restenosis, stent thrombosis, and target-lesion revascularization following PCI. 18, 19) However, the question of which type of coronary calcification is associated with procedural and/or future complications of PCI is still under consideration. Detailed observation of coronary calcifications might be helpful for resolving these clinical issues. Since only morphologic features of nonculprit calcified lesions were evaluated in this study, the coronary calcification of target lesions, including clinical outcomes, should be undertaken in future studies.
Limitations of this study need to be discussed. We failed to show the association between morphologic features of superficial calcified nodules with future cardiovascular events, due to our limited number of patients and short duration of follow-up. Long-term follow-up studies with a larger population are warranted to confirm the clinical significance of our findings obtained from OCT examinations.
In summary, OCT could visualize coronary superficial calcified nodules in detail, and enabled us to make in vivo morphologic characterizations and quantifications of them. In the current study, coronary superficial calcified nodules were classified into two groups, depending on whether or not they intruded the lumen. Quantitative analyses revealed that coronary superficial calcified nodules which intruded the lumen existed significantly closer to the lumen, and tended to have a smaller volume than the non-intrusive nodules.
